The M2 channel of influenza A is a target of the adamantane family antiviral drugs. Two different drugbinding sites have been reported: one inside the pore, and the other is a lipid-facing pocket. A previous study showed that a chimera of M2 variants from influenza A and B that contains only the porebinding site is sensitive to amantadine inhibition, suggesting that the primary site of inhibition is inside the pore. To obtain atomic details of channel-drug interaction, we determined the structures of the chimeric channel with and without rimantadine. Inside the channel and near the N-terminal end, methyl groups of Val27 and Ala30 from four subunits form a hydrophobic pocket around the adamantane, and the drug amino group appears to be in polar contact with the backbone oxygen of Ala30. The structures also reveal differences between the drug-bound and -unbound states of the channel that can explain drug resistance.
INTRODUCTION
The M2 proteins of influenza A and B virus, AM2 and BM2, respectively, are transmembrane (TM) proteins that tetramerize in the viral membrane to form channel structures that selectively transport protons across the membrane (Mould et al., 2003; Paterson et al., 2003; Pinto et al., 1992; Sugrue and Hay, 1991) . The role of proton conduction by M2 is believed to equilibrate pH across the viral membrane during cell entry and across the trans-Golgi membrane of infected cells during viral maturation (Hay et al., 1985; Helenius, 1992) . Proton conductance depends on the pH and pH difference across the membrane, and the channel is essentially in a closed conformation at pH >7.5 (Pielak and Chou, 2010a; Wang et al., 1995) . The transport activity of AM2, but not BM2, can be blocked by the adamantane family antiviral compounds, of which the amantadine and rimantadine were the first effective drugs licensed for influenza treatment (Davies et al., 1964) . The majority of the circulating virus strains are now resistant to these drugs (Bright et al., 2006) , and at least six single mutations in the AM2 TM region have been reported that confer drug resistance. Therefore, it is of interest to obtain a precise picture of drug binding for understanding the mechanism of drug resistance and for developing a next-generation antiflu compound that targets M2.
Recent structural characterizations of the channel domain of AM2 have included solution NMR structures of the wild-type AM2 (Schnell and Chou, 2008) and the drug-resistant mutants S31N ) and V27A (Pielak and Chou, 2010b) , crystal structures of AM2 at different pH values (Khurana et al., 2009; Stouffer et al., 2008) , and backbone structures of AM2 derived from solid-state NMR measurements of proteins in lipid bilayers (Cady et al., 2010; Sharma et al., 2010) . Moreover, the structure of the BM2 channel has also been determined by solution NMR methods (Wang et al., 2009) . These structural models show that a left-handed four-helical bundle forms the channel pore, and that tetramerization of the four TM helices is further stabilized by intermolecular contacts between C-terminal amphipathic helices flanking the TM domain. The packing of Trp41 indole rings creates a channel gate, which closes off the C-terminal end of the pore. The imidazole rings of His37, which are essential in transporting protons, are inside the pore.
Two different drug-binding sites have been reported, leading to proposals for two different mechanisms of drug inhibition. The structure of the TM domain of AM2 (residues 22-46) crystallized in the presence of amantadine showed electron density in the channel pore, near Ser31 (Stouffer et al., 2008) , directly blocking the channel passage near the N-terminal end of the pore. However, the position and orientation of amantadine could not be defined unambiguously by the relatively low-resolution data (3.5 Å ) because the diameter of the roughly spherical adamantane cage is $3.5 Å . The solution NMR structure of a longer channel construct (residues 18-60) showed that rimantadine binds near the C-terminal end of the channel to an external site consisting of Trp41, Ile42, and Arg45 from one TM helix and Leu40, Leu43, and Asp44 from the adjacent TM helix (Schnell and Chou, 2008) . If this were the site of inhibitory binding, the mechanism would be allosteric: drug binding would stabilize a closed conformation of the channel. Subsequent solid-state NMR measurements using the TM domain reconstituted in lipids confirmed the existence of both binding sites, and reported that the site in the pore has greater affinity for the drug than the external site (Cady et al., 2010) .
Independent of the structural studies, a functional experiment using an AM2-BM2 fusion protein provided probably the most convincing resolution to the controversy. In the fusion protein the N-terminal half of the channel domain is from AM2 (drug sensitive and contains the pore-binding site), and the C-terminal half is from BM2 (drug insensitive and does not contain the external binding site). It was reported that proton conduction of this AM2-BM2 chimera could still be blocked by amantadine and rimantadine, providing a compelling argument that the functional binding pocket is located in the N-terminal half of the channel pore (Jing et al., 2008; Ohigashi et al., 2009) .
Inspired by the above functional experiment, we have carried out a structural investigation of drug binding to the AM2-BM2 fusion protein. We find that a protein construct corresponding to the TM region of the AM2-BM2 chimera, (AM2-BM2) TM , reproduces functional properties unique to the wild-type AM2 channel in a liposomal proton flux assay. The (AM2-BM2) TM protein reconstituted in detergent micelles can be used to record highquality NMR spectra, and addition of rimantadine causes large chemical shift perturbations. The high-quality NMR data provide an extensive set of unambiguous structural restraints, which we have used to determine high-resolution structures of the chimeric channel in the drug-bound and -unbound states. Our results show that rimantadine indeed binds inside the pore, supported by specific hydrophobic and polar interactions with the pore-lining residues of the channel, and that drug binding alters the channel conformation.
RESULTS
The AM2-BM2 Construct for Characterizing Rimantadine Binding Both AM2 and BM2 have unstructured N-terminal segments, a channel-forming TM helix, and a relatively long cytoplasmic region (Lamb et al., 1985; Paterson et al., 2003) . The residue numbers of the TM helix are 26-46 for AM2 and 5-31 for BM2. There is almost no sequence identity between the two proteins except the conserved histidine (His37 in AM2 and His19 in BM2) and tryptophan (Trp41 in AM2 and Trp23 in BM2) that are necessary for proton selectivity and ion gating of the channels (Mould et al., 2003; Tang et al., 2002; Wang et al., 1995) . Whole-cell channel recording experiments showed that replacing residues 1-19 of the full-length BM2 protein, which is insensitive to amantadine, with residues 1-37 of AM2 introduced a hybrid protein sensitive to drug inhibition (Jing et al., 2008; Ohigashi et al., 2009) . The result suggests that the primary site of drug action is contained in the half of the TM domain N terminal to the centrally located His37. To characterize drug binding to the AM2-BM2 chimera, we constructed a fusion peptide corresponding to the channel-forming region of the chimera that is amenable to structural studies. This peptide contains residues 18-37 of AM2, followed by residues 20-34 from BM2. In this study we refer to this peptide as (AM2-BM2) TM , and number the residues (18-52) such that they are consistent with the residue numbering for the native AM2 channel.
Functional Relevance of the (AM2-BM2) TM Construct
The (AM2-BM2) TM construct is not a natural sequence, and thus, the relevance of using this peptide for understanding drug inhibition needs to be investigated. The proton conduction and drug inhibition of (AM2-BM2) TM were tested using a liposomal proton flux assay established earlier . In this assay a known quantity of channel protein was reconstituted into liposomes. Proton conduction was initiated by the addition of concentrated acid to the external solution under conditions of rapid solution mixing and then followed as an increase in pH of the external solution as protons move down the pH gradient into the liposomes (Experimental Procedures). This experimental setup mimics what occurs after endocytosis of the virus, as the host cell acidifies the endosomal compartments. Using the liposome assay, we first found that (AM2-BM2) TM has similar proton conduction properties as the native AM2 and exhibits similar drug sensitivity ( Figures 1A and 1B) . The chimera and the native AM2 channels both showed approximately 10 H + /s/channel conduction rate, which is $95% inhibited with 50 mM rimantadine ( Figures 1A and 1B ) . We then used a (AM2-BM2) TM peptide with the S31N mutation, which is a prevalent drug-resistance mutation that accounts for the majority of all resistant viruses (Bright et al., 2006; Hay et al., 1985) , to test whether the mutant (AM2-BM2) TM also acquires drug resistance. Indeed, the proton conductance of the S31N chimera was not affected by 50 mM rimantadine ( Figures 1C and 1D) , similar to what we found for the S31N mutant of AM2 in the same assay ). These results indicate that channels formed by the (AM2-BM2) TM peptide in liposomes are almost identical to native AM2 in proton conduction, rimantadine inhibition, and rimantadine resistance.
Functional Relevance of the (AM2-BM2) TM NMR System For structural characterization of the chimera channel, we reconstituted the (AM2-BM2) TM peptide in dihexanoyl-phosphatidylcholine (DHPC) detergent micelles and found that the protein runs on SDS-PAGE as a stable tetramer (see Figure S1 available Figure S2 ), suggesting that the overall conformation of the protein is essentially the same in detergent as in a lipid environment. The NMR spectra also reflect partial structural similarities between the chimera and the native AM2 and BM2 channels because chemical shifts of the chimera residues that come from the AM2 sequence (18-36) are similar to the corresponding chemical shifts from AM2, and the same is true for those that come from the BM2 sequence (38-52) ( Figure S3 ). We then tested whether the (AM2-BM2) TM tetramer exhibits the functional properties of the native AM2 channel under the NMR sample conditions. Upon addition of 50 mM rimantadine to the (AM2-BM2) TM sample at pH 7.5, a new set of peaks emerged in the TROSY-HSQC spectrum (Figures 2A and 2B ). The peaks corresponding to the drug-bound state have very different chemical shifts for almost all residues (the largest changes are around Ser31, $5 ppm in 15 N and $0.16 ppm in 1 H; and His37, $0.1 ppm in 15 N and $0.6 ppm in 1 H) ( Figure 2B ; Figure S4 ). This result suggests that the drug binds specifically to the chimeric channel in detergent micelles and that drug binding may have induced substantial conformational change. We did not detect spectral changes for the chimera with the S31N mutation when adding the same amount of the drug to the sample ( Figures 2C and 2D ), indicating that the chemical shift perturbation in Figure 2B is specific to drug binding and that the NMR system developed for the chimera is suitable for investigating the mechanism of drug binding of the native AM2 channel. At pH 7.5, the channel is essentially in a closed state (Pielak and Chou, 2010a; Wang et al., 1995) . We also investigated whether the drug binds to the open state of the chimeric channel in a more acidic buffer. At pH 6.1, the TROSY-HSQC spectrum of (AM2-BM2) TM in DHPC micelles ( Figure 2E ) is significantly different from that at pH 7.5 ( Figure 2A ). Addition of rimantadine also generates a new set of peaks ( Figure 2F ) that have similar chemical shifts as those of the drug-bound closed state. At 50 mM rimantadine and pH 6.1, the peaks corresponding to the drug-bound population are barely visible; even at 100 mM, they are $5-fold less intense than those at pH 7.5. The results suggest that the drug also binds to the open state, but with much lower affinity.
Location of the Drug-Binding Site in the Chimera Channel
To determine the precise location of drug binding, we made (AM2-BM2) TM peptide that is 15 N-labeled and 99.9% deuterated at the nonlabile sites so that nuclear Overhauser enhancement (NOE) between the protein backbone amide protons and drug protons could be measured unambiguously. In the presence of 50 mM rimantadine, about 60% of the chimeric channels were drug bound and 40% unbound, as judged by the relative intensities of the NMR peaks. In this case the NMR peaks of the population not bound with drug served as an excellent internal-negative control for measuring protein-drug NOE. We recorded a 3D 15 N-edited NOESY spectrum with 250 ms NOE mixing and found that the amide peaks of Ala30, Ser31, and Ile32 of the drugbound population showed intense NOE cross-peaks to the adamantane CH 2 and CH protons, whereas the peaks of the unbound population did not ( Figure 3 , left panel). There was also an NOE cross-peak between the amide of Gly17 and the terminal methyl group (1.2 ppm) of rimantadine. Independently of the 15 N-edited NOESY, we recorded a 3D 13 C-edited NOESY (150 ms NOE mixing) using a uniformly 15 N-and 13 C-labeled and nondeuterated protein for identifying NOE between the protein methyl groups and the drug. In this spectrum we unambiguously identified strong NOE cross-peak between the Val27 C g1 H 3 group and the adamantane CH 2 group of rimantadine ( Figure 3 , right panel). These NOE data indicate that the drug binds inside the chimera channel near residue positions 27-31. reconstituted in DHPC are as follows: (A) at pH 7.5; (B) at pH 7.5 with 50 mM rimantadine; (C) with the S31N mutation at pH 7.5; (D) same as in (C) but with 50 mM rimantadine; (E) at pH 6.1; and (F) at pH 6.1 with 100 mM rimantadine. The red peaks correspond to resonances that have emerged upon addition of rimantadine. Please also see Figure S1 -S4.
Chou, 2008), we determined the high-resolution structures of the (AM2-BM2) TM tetramer at pH 7.5 in the presence and absence of rimantadine. Both structures were determined with an extensive set of experimental restraints including intramolecular and intermolecular distances derived from NOE, dihedral angles from chemical shifts, and backbone bond orientations from residual dipolar couplings (RDCs) ( Table 1) . For the drugbound structure the restraints also include 16 experimental interhydrogen distances between the (AM2-BM2) TM tetramer and rimantadine. In both cases (drug-bound and -unbound), the structural restraints were used to generate an ensemble of 15 low-energy structures with rmsd of all heavy atoms smaller than 1 Å ( Figure 4A and Table 1 ).
In the absence of rimantadine, the (AM2-BM2) TM tetramer is a left-handed four-helical bundle that spans about 33 Å in detergent micelles ( Figure 4B , left panel). The individual subunits are a helical from residues 26 to 49, but the TM helices show a bend ($17 ) near His37. The AM2 and BM2 sequences fuse at His37, and the helical bending may be necessary to satisfy the different helix-helix packing angles in the AM2 and BM2 channel assemblies (À21 in AM2; Schnell and Chou [2008] ; and À37 in BM2; Wang et al. [2009] ). We also found that the AM2 and BM2 regions of the chimera are structurally very similar to the corresponding regions in the native AM2 and BM2 channels ( Figure 4B, right panel) . A ring of methyl groups from Val27 constricts the N-terminal end of the channel. The imidazoles of His37 and indoles of Trp41 are both pore lining; their packing closes off the C-terminal end of the channel. The orientations of the Trp41 indoles are more similar to those in the native BM2 channel; they are roughly perpendicular to the channel axis.
The structure of the chimera in complex with rimantadine shows that the drug binds inside the channel, forming numerous contacts with the side chains of Val27 and Ala30. Although the overall structures of the drug-bound and -unbound states of the chimera appear to be very similar, overlay of the two structures reveals substantial differences for the region of the channel in which the drug binds. In particular in the presence of rimantadine, the N-terminal regions (residues 26-34) of the four TM helices are more closely packed than they are in the absence of the drug ( Figure 4C, left panel) . Furthermore, these regions of the drug-bound TM helices appeared to have been slightly rotated around the individual helical axes relative to the unbound state ( Figure 4C , right panel). As a result, the pore-lining methyl groups of Val27 and Ala30 are on average closer to the adamantane cage of the drug.
Atomic Details of Rimantadine Binding in the Chimera Channel
The structure of the drug-bound channel shows that eight methyl groups of the (AM2-BM2) TM tetramer (two from each subunit: Val27 C g1 H 3 and Ala30 C b H 3 ) surround the adamantane cage of rimantadine ( Figure 5A ). The four C g1 H 3 from Val27 are in van der Waals (VDW) contact with CH 2 protons on one side of the adamantane, and the four C b H 3 from Ala30 are at VDW distance from both CH and CH 2 protons on all sides of the adamantane ( Figure 5A ). The eight methyl groups together form a deep internal pocket that completely wraps around the adamantane cage of the drug ( Figure 5B ). The nitrogen of the rimantadine amino group is on average 2.8 Å from the backbone carbonyl oxygen of Ala30 of one of the four subunits, probably forming a hydrogen bond. The terminal methyl group of the rimantadine is on average roughly in the middle of the pore, facing the open space in the channel around the position of Gly34. Although the rimantadine methyl group does not appear to have extensive hydrophobic interaction with the protein, it is on average at $4 Å from the Ala30 methyl group and from the a protons of Ser31 and Gly34 of one of the four subunits. The ensemble of structures in Figure 4A also shows that the rimantadine is tilted relative to the channel: its vertical axis is on average $20 from the C4 symmetry axis of the channel. This tilt angle is consistent with the amantadine tilt in the AM2 channel observed with solid-state NMR spectroscopy (Cady et al., 2010) .
The fact that the NMR spectra are symmetric in the presence of this asymmetric interaction indicates fast exchange between the four different asymmetric conformations. Because the largest chemical shift difference between bound and unbound state is $0.5 ppm at 1 H frequency of 600 Hz, we expect the exchange rate to be much faster than 300 s À1 .
DISCUSSION
We have shown that the channel formed by the (AM2-BM2) TM peptide is a relevant and powerful experimental system for structural investigation of the inhibition of the AM2 channel by Structure Influenza, M2 Channel, Drug Binding, Structures adamantane family antiviral compounds. The (AM2-BM2) TM peptide formed channel structures that are similar to the native AM2 in proton conduction, rimantadine inhibition, and resistance to rimantadine. The chimera channels in DHPC micelles can also be used to record high-quality NMR spectra for the closed and open states or in the presence and absence of the drug. In earlier studies we found that a region of the native AM2 that included residues 18-60 also yielded good NMR spectra when reconstituted in the DHPC micelles, but in that system the channel did not bind rimantadine inside the pore (Schnell and Chou, 2008) . Instead, the drug bound at four equivalent pockets at the helix-helix interface near the C-terminal end of the channel, accessible from the lipid bilayer. Trp41, Ile42, and Arg45 from one TM helix and Leu40, Leu43, and Asp44 from the adjacent TM helix create this lipid-facing pocket. We proposed, based on the observation, that the drug binding to the lipid-facing pockets inhibits proton transport allosterically by stabilizing the closed conformation of the channel. However, it was unclear whether the pocket has high enough affinity for the drug to play an important role in inhibition because rimantadine binding at this site only introduced very small changes in the NMR spectrum ( Figure S2 in Schnell and Chou, 2008) . This is not the case for drug binding inside the channel. Rimantadine binding inside the chimera pore changes the NMR spectrum beyond recognition, which required reassigning the majority of the NMR peaks in the present work ( Figure 2B) . The large chemical shift changes are consistent with those observed for the native AM2 channels in lipid bilayer using solid-state NMR methods (Andreas et al., 2010; Cady and Hong, 2008) . Therefore, our previous NMR system that used residues 18-60 of AM2 reconstituted in DHPC detergent did not support amantadine or rimantadine binding inside the channel, for reasons that remain to be understood. We can only suspect at this point that DHPC somehow interferes with rimantadine binding, possibly by increasing the energy barrier for the drug to enter the channel. Even for the chimeric channel in DHPC micelles, 50 mM rimantadine only yielded $60% channel occupancy, whereas 50 mM rimantadine applied in the liposome assay achieved 95% inhibition. The large discrepancy is less when considering the effective drug concentration in surfactants because rimantadine partitions strongly in detergents and lipids. The w/v of DHPC in the NMR sample is $50-fold higher than the w/v of lipid in the liposome sample. Thus, the effective rimantadine concentration in the NMR sample is about 20-fold higher than that in the functional assay. We chose DHPC because among all detergents tested, it provided the quality of spectra that allowed us to measure NMR parameters accurately.
How significant is the lipid-facing pocket? We think that although the lipid-facing site probably does not play a significant role in adamantane inhibition, it may still be useful in developing new antiviral compounds because Asp44 is likely where protons exit from the channel (Pielak and Chou, 2010b) , and rimantadine binding at the Asp44 position is known to affect the dynamics of the tryptophan gates (Schnell and Chou, 2008) .
The structure of the open state of the chimeric channel may be substantially different from that of the closed state because the TROSY-HSQC spectra at pH 7.5 and 6.1 are significantly different (Figures 2A and 2E) . But the spectra of the rimantadine-bound state at these two pH values are similar ( Figures  2B and 2F) , suggesting that the closed and the open states converge to the same inhibited state upon interaction with the drug. Comparing the structures of the drug-bound and -unbound states in Figure 4C revealed small but clear differences for the regions wherein the rimantadine binds. We believe that the free energy of the structural rearrangement from the uninhibited to the inhibited state comes mostly from hydrophobic interactions between the drug adamantane cage and Val27 and Ala30 of the protein. It is clear from Figure 4C , right panel, that in changing from the uninhibited to the inhibited state, Val27 and Ala30 methyl groups have reorganized to maximize VDW contacts with the adamantane cage. This reorganization involves both twisting and tighter packing of the TM helices.
Our NMR titration data in Figure 2 also show that although the chemical shifts of the drug-bound state at pH 7.5 and 6.1 are very similar, the peaks corresponding to the drug-bound population at pH 6.1 are $5-fold weaker than those at pH 7.5 under twice as high rimantadine concentration (Figures 2B and 2F) . This observation suggests that rimantadine binds preferentially to the closed state of the channel. We speculate that the open state is more dynamic, and that the increased dynamics would require paying higher entropic cost for the drug to ''lock'' the channel in the closed conformation. Indeed, earlier solution NMR measurements of the native AM2 channel showed that lowering the pH from 7.5 to 6.5 broadened most of the NMR peaks corresponding to the TM helix, and that the resonance broadening was due to increased conformational exchange in the open state of the channel.
The solution structure of rimantadine binding to the chimeric channel is overall similar to the crystal structure of amantadine binding to the AM2 TM domain (Stouffer et al., 2008) , but the properties of the internal pockets that accommodate the adamantyl cage are significantly different. In the solution structure this pocket is completely hydrophobic, constituted by methyl groups of valines and alanines ( Figure 6A ). In the crystal structure the pocket is slightly larger, formed by methyl groups of Val27 and Ala30 as well as hydroxyl groups of Ser31 ( Figure 6B) . Some of these differences may be attributed to the structural difference between amantadine and rimantadine and/or to the different helix-helix packing in the two structures.
Does the high-resolution structure of the drug-channel complex explain the known drug-resistance mutations? Mutations that have been reported to confer drug resistance include L26F, V27A, A30T, S31N, G34E, and L38F, among which the S31N and V27A account for the vast majority of resistant viruses. The internal hydrophobic pocket specific for the adamantane cage is composed of methyl groups of Val27 and Ala30, and therefore, either the V27A or A30T mutation will fundamentally change the physical or chemical properties of the pocket and, thus, resist rimantadine binding. For example the structure of 
Structure
Influenza, M2 Channel, Drug Binding, Structures the V27A mutant of AM2 (Pielak and Chou, 2010b) shows that replacing Val27 with Ala greatly decreases the hydrophobic surface of the internal pocket. Although the G34E mutation is unlikely to affect the pocket for the adamantane, addition of the large glutamic acid at this position will certainly cause steric collision with the amino and methyl groups of the drug (Figure 5A) . Moreover, introducing four negative charges inside the small pore could alter the channel conformation.
Resistance conferred by the S31N mutation is less straightforward to explain because the Ser31 side chains face the helixhelix interface in both drug-bound and free chimeric channel and do not appear to be involved in any direct interactions with rimantadine. This structural result is consistent with earlier functional studies, which showed that introducing the S31A mutation in the AM2 channel has essentially no effect on rimantadine or amantadine inhibition . A plausible explanation for resistance due to S31N is that replacing the relatively small serine with the bulkier asparagine at this position prevents the two adjacent TM helices from being close enough to form the inhibited structure ( Figure 4C) . Indeed, the solution NMR structure of the S31N mutant of AM2 showed that the Asn31 side chain is on average positioned at the helical-packing interface, like that of Ser31 in the wild-type AM2 channel ). Furthermore, chemical crosslinking data show that the S31N mutation leads to significantly weaker packing of the TM helices in the AM2 tetramer . Therefore, it is likely that the bulkier Asn31 side chains in the helix-helix interface prevent the helices from forming the tight hydrophobic pocket seen in all structures. The L26F and L38F mutations have also been reported to confer partial resistance (Wang et al., 1993) . According to the structure, Leu26 and Leu38 are also in the helical-packing interface; their replacements with phenylalanine could have a similar effect as that of the S31N mutation.
In conclusion, we have developed an NMR system for the channel domain of the AM2-BM2 chimera that supports rimantadine binding inside the channel and have shown that this system is relevant for structural characterization of the binding of the adamantane family antiviral compounds. The NMR data unambiguously define the structures of the drug-bound and -unbound forms of the channel. At pH 7.5 and in the absence of the drug, the AM2 portion of the chimera (residues 24-37) is structurally very similar to that of the wild-type AM2 channel determined under similar conditions. Rimantadine binds inside the pore near the N-terminal end of the channel. The spherically shaped adamantane forms VDW contacts with a cluster of methyl groups of Val27 and Ala30 from the four subunits. Consequently, drug binding causes tighter packing of the TM helices. In addition the drug amino group has a polar contact with the backbone carbonyl oxygen of Ala30 of one of the four subunits; this interaction may be important for defining the orientation of the drug molecule in the pore. The new structures imply that the known drug-resistance mutations may confer resistance by changing the hydrophobic property of the pore and/or by destabilizing the channel assembly to prevent the formation of the compact, drug-bound form of the channel. Finally, our results strongly support the model that the adamantane family compounds block the proton transport of the AM2 channel by binding inside the pore, while providing fine structural details to aid rational design of better adamantane derivatives for overcoming drug resistance.
EXPERIMENTAL PROCEDURES Sample Preparation
The (AM2-BM2) TM peptide ( 18 RSNDSSDPLV 27 VAASIIGIL 37 HFIAWTIGHL 47 NQIKR 52 G) was cloned, expressed, and purified as previously described (Schnell and Chou, 2008) . Briefly, the protein was expressed as a fusion to Combined surface, ribbon, and sphere representation of the pore-binding sites described by (A) the solution structure of rimantadine binding to the chimeric channel (PDB code: 2LJC), and (B) the crystal structure of amantadine binding to the TM domain of AM2 channel (PDB code: 3C9J). One subunit of the tetramer was removed to unveil the channel interior. Side chains of important residues such as Val27, Ala30, and Ser31 are shown as spheres.
His9-trpLE that formed inclusion bodies. The (AM2-BM2) TM peptide was released from the fusion protein by cyanogen bromide digestion in 70% formic acid. The digest was dialyzed against water to remove most of the formic acid, lyophilized, and redissolved in 2:1:2 hexafluoroisopropanol:formic acid:water. The peptide was separated on a C4 column (Grace-Vydac) by reverse-phase chromatography. The lyophilized peptide was then refolded by dissolving in 6 M guanidine and 150 mM DHPC and dialyzing against the final NMR buffer. NMR samples typically contained 1.2-1.8 mM (AM2-BM2) TM (monomer), 300 mM DHPC, and 40 mM sodium phosphate. Rimantadine was added to the concentrated NMR sample.
Liposomal Proton Flux Assay
The exact protocol of the liposome assay used here for measuring proton conductance of the (AM2-BM2) TM channel was described in Pielak et al. (2009) . Briefly, liposomes were made with identical pH and ion concentrations inside and outside, but highly buffered inside and only weakly buffered outside. Protein-mediated conductance of protons from the external bath into the liposome interior was initiated by adding hydrochloric acid under continuous rapid mixing. Proton flux was monitored as an increase in pH of the external bath. The final liposome sample was 1.5 ml and contained $5 mg/ml lipid, 6 mM (AM2-BM2) TM peptide, and 0.1 mM valinomycin. N-, 13 C-, and 85% 2 H-labeled channels marginally oriented in 20 mg/ml DNA nanotubes (Douglas et al., 2007) .
NMR Spectroscopy

Structure Determination
Structures of the drug-bound and -unbound chimera channels were calculated using the program Xplor-NIH (Schwieters et al., 2003) . The monomer structures were first calculated from random coil using intrasubunit NOE-derived distance restraints, backbone dihedral restraints derived from chemical shifts using the TALOS program (Cornilescu et al., 1999) , and RDC restraints. A total of ten monomer structures were calculated using a standard simulated annealing (SA) protocol in which the bath temperature was cooled from 1000 to 20 K. Four copies of the lowest-energy monomer structure calculated above were used to construct an initial model of the (AM2-BM2) TM tetramer. The assembled structure was then refined using the similar SA protocol in the presence of inter-subunit and protein-drug NOE restraints and all other intrasubunit restraints. For each experimental inter-subunit restraint between two adjacent subunits, four identical distance restraints were assigned respectively to all pairs of neighboring subunits to satisfy the condition of C4 rotational symmetry. For NOEs between the equivalent protons on the adamantyl cage and the peptide, distance restraints were applied to all subunits of the tetramer. For NOE between the rimantadine methyl group and the peptide, distance restraint was applied to any one of the four subunits. During the annealing run the bath was cooled from 1000 to 20 K. The NOE restraints were enforced by flat-well (uncertainty in distances) harmonic potentials, with the force constant ramped from 20 to 50 kcal mol À1 Å À2 . The backbone dihedral angle restraints were also enforced by flat-well (±15 ) harmonic potentials, with the force constant ramped from 100 to 300 kcal mol À1 rad À2 .
The RDC force constant was ramped from 0.01 to 1.0 kcal mol À1 Hz À2 . In addition to experimental restraints, a weak database-derived ''Rama'' potential function (Kuszewski et al., 1997) was ramped from 0.02 to 0.2 (dimensionless force constant) for the general treatment of side-chain rotamers. Other force constants, commonly used in NMR structure calculation, were: k(vdw) = 0.02 / 4.0 kcal mol À1 Å À2 , k(impr) = 0.1 / 1.0 kcal mol À1 degree À2 , and k(bond angle) = 0.4 / 1.0 kcal mol À1 degree À2 . For either drug-bound or -unbound state, a total of 75 tetramer structures were calculated, and 15 low-energy structures were selected as the structural ensemble. Ramachandran plot statistics for the chimera-rimantadine complex are as follows: most favored (97.0% for drug bound, 96.3% for unbound); additionally allowed (2.8% for drug bound, 3.2% for unbound); generously allowed (0.1% for drug bound, 0.5% for unbound); and disallowed (0.1% for drug bound, 0.1% unbound).
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